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• Salt marshes are more resilient to sea-
level rise in estuary with larger river
input.

• The higher resilience is mainly due to
more riverine-bornemineral sediments.

• Sea-level rise thresholds aremore sensi-
tive to biomass in a marine dominated
estuary.

• Biomass & sediment affect sea-level rise
thresholds alike in river-dominated es-
tuary.

• Belowground biomass contributesmore
to accretion in estuarywith limited river
input.
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We studied the ecological resilience of salt marshes by deriving sea level rise (SLR) thresholds in two estuaries
with contrasting upland hydrological inputs in the north-central Gulf of Mexico: Grand Bay National Estuarine
Research Reserve (NERR) with limited upland input, and the Pascagoula River delta drained by the Pascagoula
River, the largest undammed river in the continental United States. We applied a mechanistic model to account
for vegetation responses and hydrodynamics to predict salt marsh distributions under future SLR scenarios. We
further investigated the potential mechanisms that contribute to salt marsh resilience to SLR.
The modeling results show that salt marshes in the riverine dominated estuary are more resilient to SLR than in
the marine dominated estuary with SLR thresholds of 10.3 mm/yr and 7.2 mm/yr respectively. This difference of
N3mm/yr ismainly contributed by larger quantities of riverine-bornemineral sediments in the Pascagoula River.
In both systems, sediment trapping by the above-ground vegetation appears to contribute more to marsh plat-
form accretion than organic matter from below-ground biomass based on the medians of the accretion rates.
However, below-ground biomass could contribute up to 90% of accretion in the marine dominated estuary com-
pared to only 60% of accretion in the riverine dominated estuary. SLR thresholds of salt marshes are more sensi-
tive to vegetation biomass in the marine dominated estuary while biomass and sediment similarly affect SLR
thresholds of salt marshes in the riverine dominated estuary.
This researchwill likely help facilitatemore informeddecisions on conservation/restoration policies for these two
types of systems in the near-term needed to minimize future catastrophic loss of these coastal marsh habitats
once SLR thresholds are exceeded.

© 2020 Elsevier B.V. All rights reserved.
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1. Introduction
Fig. 1. A conceptual model for the response of salt marshes to sea-level rise (adapted from
Wu et al., 2017a) with coupling of above- to below-ground biomass as a potential
mechanism important in the vegetation response and influencing the rate of elevation
change of marsh platforms.
Coastal human populations and economies in some parts of the
world are heavily dependent on the marsh ecosystem for a wide array
of goods and services, including fish production, carbon sequestration,
habitat for fish, birds and other species, storm surge reduction, flood
control, nutrient regulation etc. (Costanza et al., 1997; Engle, 2011).
This is especially true along the northern Gulf of Mexico (NGOM)
where marsh ecosystem services contribute significantly to the well-
being, livelihood, and economic resilience of coastal communities. How-
ever, coastal marshes along NGOM are increasingly threatened by mul-
tiple natural and anthropogenic stressors, which have been and will
continue to be exacerbated by sea level rise (SLR) due to their narrow
elevation range within the intertidal zone (Mogensen and Rogers,
2018).

Theway coastalmarshes respond to SLR shows large spatial variabil-
ity because it is dependent on multiple factors of both terrestrial and
oceanographic origins, such as coastal geomorphology, rate of subsi-
dence, climate, sediment supply, hydrodynamic and ecological condi-
tions, as well as anthropogenic influences, such as extent of
engineering modification to the landscape (Donchyts et al., 2016;
Fagherazzi et al., 2012; Hagen and van der Pluijm, 2017; Hardy and
Wu in revision; Kirwan et al., 2010; Osland et al., 2017; Passeri et al.,
2016, 2015a; Raposa et al., 2016; Schuerch et al., 2018; Stagg et al.,
2016; Turner, 1997; Twilley et al., 2016). The largest wetland loss in
the United States occurred in the southeastern states in the 1970s (Li
et al., 2018; Mitsch and Gosselink, 2007). Whether coastal marshes
can keep up with future SLR will rely on the complex interactions be-
tween geomorphology, physical forcing, and ecological processes that
are unique to each estuarine system. Due to the fundamental role of
marsh vegetation in coastal wetlands, the survival of these ecosystems
is mainly a question of how the vegetationwill respond to increased in-
undation and salinity, particularly in estuaries with limited availability
ofmineral sediments. The large variability of vegetation responses to in-
undation leads to the large variability of salt marshes' response to SLR,
requiring localized predictions of future landscape structure and func-
tion. The marsh vegetation above- and/or below-ground biomass can
exhibit either a linear decrease (Janousek et al., 2016; Snedden et al.,
2014; Voss et al., 2013; Watson et al., 2014), or a quadratic relationship
with inundation (Kirwan and Guntenspergen, 2012; Morris et al., 2002;
Schile et al., 2014). The response of vegetation productivity to inunda-
tion (van Belzen et al., 2017) is further complicated by salinity and nu-
trient levels, and localized erosional processes (Alldred et al., 2017;
Graham and Mendelssohn, 2014; Janousek et al., 2016; Watson et al.,
2015), thereby resulting in potentially complex and location-specific re-
sponses by marsh vegetation to future SLR.

Both above- and below-ground biomass can contribute to the accre-
tion of salt marsh platform elevation through different processes
(Fig. 1). Above-ground biomass traps mineral sediments from the
water column to augment the elevation, while below-ground biomass
contributes organic matter to further promote accretion of the salt
marsh platform (Kirwan and Guntenspergen, 2012; Morris et al.,
2002; Mudd et al., 2010; Neubauer, 2008; Nyman et al., 2006). Above-
and below-ground biomass perform different physiological functions,
with the above-ground biomass responsible for photosynthesis and car-
bon assimilation (organic matter production) while the below-ground
biomass takes up water and nutrients necessary for vegetation growth.
Therefore, the above- and below-ground biomass fractions are coupled
through fluxes of water, nutrients, and carbohydrates (Scheiter and
Higgins, 2013). This coupling can result in different strategies of bio-
mass allocation between above- vs. below-ground biomass fractions po-
tentially influencing vegetation growth and morphology, which is an
important strategy to help plants to adapt to environmental conditions
(Guo et al., 2016; Li et al., 2015; Weiner, 2004), and therefore could
strongly influence coastal wetlands' resilience to press disturbance
such as SLR.
Ecological resilience is defined as the amount of disturbance (SLR
rate in this study) that an ecosystem could withstand without changing
key structures and functions (Gunderson, 2000; Holling, 1973). The
larger the amount of disturbance an ecosystem can withstand, the
higher the resilience of the ecosystem. A related concept is that of eco-
logical threshold, which indicates the presence of a state transition
and assumes alternate equilibrium states of the ecosystem. Ecological
threshold can be defined as the frequency and magnitude of distur-
bances an ecosystem can sustain before a significant change of key eco-
logical functions results in the switch to the alternate stable state
(Groffman et al., 2006; Halpern et al., 2015, 2008). Due to the feedback
among inundation, vegetation productivity, and sediment trapping,
coastal marshes can adapt to SLR. Previous studies in sediment analysis
and numerical modeling show that coastal wetlands can keep up with
SLR rates up to 12 mm/yr (Jankowski et al., 2017; Kirwan et al., 2010).
However, just like many ecosystems, coastal marshes are subject to re-
gime shifts, which are abrupt state transitions after crossing a threshold
due to increasing environmental stress that may be naturally or anthro-
pogenically driven (Scheffer et al., 2001; Foley et al., 2015). Here the
ecological threshold is in response to SLR rate, and the state of salt
marshes is indicated by total area, with a state transition occurring
when marsh is lost and becomes open water.

We aim to study the resilience of saltmarshes to SLR in two estuaries
with significant contrasting hydrological inputs using SLR rate thresh-
olds. Previous studies show that salt marshes in marine dominated sys-
tems are potentially more vulnerable to collapse compared to marshes
in fluvial estuaries due to relatively uniform topography and/or lack of
sediment sources (Alizad et al., 2018; Kirwan et al., 2010). We examine
and discuss underlying processes that may contribute to future land-
scape dynamics of salt marshes under SLR. Identifying the ecological
threshold formarsh habitat stability and the potentialmechanisms con-
tributing to collapse will help in understanding the nonlinear response
of these ecosystems to different environmental factors, and could po-
tentially be informative for resourcemanagers to evaluate ecological re-
silience and make proactive plans for conservation and restoration.

2. Methods

We developed a two-dimensional dynamic and mechanistic model
(Wu et al., 2017a) that integrates the Marsh Equilibrium Model
(MEM, Morris et al., 2002) and a simplified hydrodynamic model
(Kirwan and Murray, 2008) to predict salt marsh changes by 2100.
Ourmodel simulates erosion,whichMEMdoes not, and ismuchquicker
to run when compared to Hydro-MEM that is used to simulate very
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detailed hydrodynamics in estuaries (Alizad et al., 2016a; Hagen et al.,
2013; Passeri et al., 2015b).

2.1. Study area

The study areas are comprised of two adjacent (b20 km apart) estu-
arine systems with contrasting riverine inputs, located in southeastern
Mississippi in the north-central Gulf of Mexico (Fig. 2). The first site is
theGrand BayNational Estuarine Research Reserve (NERR)with limited
upland input mainly from groundwater flow under pine savannahs
with interspersed freshwater wetlands and seepage bogs (Peterson
et al., 2007). The second site is the Pascagoula River (PR) delta with
plentiful riverine input, drained by the Pascagoula River, the largest
undammed river (by volume) in the continental USwith an average dis-
charge of 11,520 ft3/s from 1994 to 2007 (https://waterdata.usgs.gov/
nwis). We purposely selected these two estuarine systems as they rep-
resent examples of contrasting end-members on the spectrum of low to
high volume hydrological inputs from the adjacent uplands. The two es-
tuaries have identical climate and similar geomorphological properties
with erosional shorelines, minimizing potentially confounding influ-
ences on marsh vegetation productivity. The climate is subtropical
with hot and humid summers and mild winter conditions (Peterson
et al., 2007). The terrain is very flat with an average slope of 1.0–1.5°.
The study sites are bothmicro-tidal, shallow estuaries influenced by di-
urnal astronomical tides with an annual average range of 0.4–0.6 m and
an average water depth of 0.6–0.9 m (Christmas, 1973). The salt
marshes in Grand Bay are dominated by Juncus roemerianus (black
needlerush) with a small area of Spartina alterniflora (smooth cord-
grass) along the low elevation fringe of the marsh habitat. Plant species
richness in the Pascagoula River delta is higher than in Grand Bay due to
lower salinity, but the two dominant species in the study area are still
Fig. 2. Study areas: Grand BayNational EstuarineResearch Reserve (NERR), amarine dominated
Mississippi in the north-central Gulf of Mexico. Boundary of Grand Bay NERR is from the NERR
continental states are from https://hifld-geoplatform.opendata.arcgis.com/search?groupIds=e
J. roemerianus and S. alterniflora (Eleuterius, 1972). The Pascagoula wa-
tershed and Grand Bay NERR contain about 35% and 15% of the total
marsh habitat in coastal Mississippi respectively (MDEQ 2001;
Peterson et al., 2007).

2.2. Model description

Our model (see Wu et al., 2017a for detailed description) simulates
elevation change from the accretion and erosion of salt marshes and
the resulting conversion of salt marshes to estuarine openwater. Accre-
tion rate is accounted for by the contribution frommineral sediments in
the water column as well as organic matter accumulation from below-
ground biomass production. Erosion rate is accounted for by water
depth and driven by the rate of SLR. Once the elevation is below mean
low water level, salt marshes convert to open water (an ecological
state change).

2.3. Model inputs

1) Elevation and Sediments

We used LiDAR-derived elevation data collected by the U.S. Army
Corps of Engineers acquired in September to October 2005 available
from the NOAA Coastal Services Center (https://coast.noaa.gov/
dataviewer, last accessed on 25 February 2017). This dataset had a spa-
tial resolution of 2 m and the best vertical accuracy of 7.6 cm in this re-
gion and used the datum of NAVD88. Salt marshes in Grand Bay had a
median elevation of 0.52 m compared to a median elevation of 0.32 m
in the Pascagoula River delta (Fig. 3).

For the sediment concentration in the water column, we used the
total suspended solids (TSS) measured by the System-Wide-
estuary, and the Pascagoula River delta, a riverine dominated estuary, both in southeastern
centralized data management office (https://cdmo.baruch.sc.edu/). The inset maps of US
5cf7f3805274fef90100ab704ee2ac1

https://waterdata.usgs.gov/nwis
https://waterdata.usgs.gov/nwis
https://coast.noaa.gov/dataviewer
https://coast.noaa.gov/dataviewer
https://hifld-geoplatform.opendata.arcgis.com/search?groupIds=e5cf7f3805274fef90100ab704ee2ac1


Fig. 3. Probability density plot of elevation for salt marshes in Grand Bay (black) and
Pascagoula River delta (red) derived from LiDAR data collected in 2005.
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Monitoring-Program in Grand Bay NERR (Wu et al., 2017a) (Sept. 2012
through April 2014 - average of 16.8 mg/L). We applied the average of
measured sediment concentrations for the Pascagoula River delta
(only available from 1974 to 1975 - average of 52.0 mg/L) obtained
from USGS National Water Information System (https://maps.
waterdata.usgs.gov/mapper/index.html). We expect the sediment con-
centrations to change over time, for example, due to land use change
(Waldron, 2019). However, due to lack of availability of recent data on
sediment concentrations, we conducted sensitivity analysis on sedi-
ment concentration to evaluate how itwould affect SLR thresholds. Sed-
iment bulk density used for both study systems was 0.39 g/cm3, as
reported in Morris et al. (2016) for Grand Bay.

2) Above- and below-ground biomass

Above- and below-ground biomass are important inputs needed to
correctly derive accretion rates of salt marshes in the model. We col-
lected duplicate above-ground biomass samples at 19 randomly se-
lected sites in Grand Bay (7 sites dominated by J. roemerianus and 12
sites dominated by S. alterniflora) in August–September of 2017, and
at 16 randomly selected sites in the Pascagoula River delta (8 sites dom-
inated by J. roemerianus and 8 sites dominated by S. alterniflora) in Octo-
ber of 2017 using 15× 15 cmquadrats for J. roemerianus and 25× 25 cm
quadrats for S. alterniflora. Green (living) above-ground biomass in salt
marshes in the northern Gulf of Mexico peaks between August and Oc-
tober (Eleuterius, 1973; Eleuterius and McDaniel, 1978; Ghosh et al.,
2016; Ghosh and Mishra, 2017). All the sampling sites were within
30 m of the coastline as we assume that the marsh fringe represents
themost vulnerable location to inundation from SLR. At these sampling
sites, we also collected sediment cores (30 × 15 cm diameter) to mea-
sure below-ground biomass after removing the above-ground biomass.
We transported all samples back to the laboratory on ice and stored the
above-ground biomass samples in the refrigerator and below-ground
biomass samples in the freezer until they were processed within three
months of collection.

In the laboratory, we rinsed the sediments off the below-groundbio-
mass samples using a stacked series of 2 mm-mesh over 1 mm sieves,
after which we manually separated live from dead fractions for both
above- andbelow-ground biomass, before theywere oven-dried to con-
stant weight at 75 °C (~3 days) and weighed. For above-ground bio-
mass, the separation between live and dead material was based on
color, with green leaves/stems considered to be live biomass and
brown or yellow leaves/stems consider to be dead biomass. For the
below-ground biomass, we submerged the samples inwater to separate
live from dead fractions. The root/rhizome material floating on the
water surface was considered as live biomass and the matter that sank
to the bottomwas considered to be dead. Hardness and color, with tur-
gid and lighter colored tissues considered to be live (Gross et al., 1991;
Schubauer and Hopkinson, 1984), were further used to aid the separa-
tion of live from dead material in the below-ground biomass samples.

We used these data to then derive quantitative functions that relate
live above- and live below-ground biomass to sampling elevation re-
spectively using the dominant species as a random effect in mixed-
effects models. We compared the mixed-effect models to models with-
out random effects based on the Akaike Information Criterion (AIC)
(Wu et al., 2017b). We converted the one-year biomass sample mea-
surements from 2017 to long-term averages by dividing the measure-
ment values by a correcting ratio, the ratio of above-ground average
summer-fall green biomass in 2017 (single year) to that for
2000–2017 long-term average of above–ground green biomass (GBM)
derived from a time series of MODIS imagery (Ghosh et al., 2016). The
remote sensing driven biomass model was calibrated using a dataset
match-up between GBM measurements at 69 sampling locations and
the corresponding 8–day Level 1B atmospherically corrected 500-m
MODIS surface reflectance composites (MOD09A1). Visible Atmo-
spheric Resistant Index (VARI) produced the best results when com-
pared with several other vegetation indices with a percent normalized
root mean squared error (%NRMSE) of 17%.

2.4. Model calibration and evaluation

We calibrated the model for each study site by comparing the simu-
lated accretion rates with themeasured ones, using the feldsparmarker
horizon technique in Grand Bay NERR (Wu et al., 2017a) and sediment
core radioisotope analysis in the Pascagoula River delta (Wu et al.,
2015). The timescale for surface marker horizons is months to years
while it is 20–50+ years for analysis of radionuclides (Breithaupt
et al., 2018). Though the timescales of the two techniques differ, the ac-
cretion data measured using the same technique at the two estuaries
are not available. Spatial distribution maps of salt marshes were avail-
able for 1988 (Shirley and Battaglia, 2006) and 2007 in Grand Bay, and
1996 and 2007 in the Pascagoula River delta from the NationalWetland
Inventory (NWI) datasets.We used the earlier 1988 or 1996maps as the
initial wetland map in the model and 2007 maps as reference maps for
model evaluation. We used a kappa index, which accounts for persis-
tence of landscapes (Wu et al., 2015; van Vliet et al., 2011), with four
metrics to evaluatemodel performance: (1) hits (change simulated cor-
rectly), (2) correct rejection (persistent simulated correctly), (3)misses
(change simulated as persistence), and (4) false alarms (persistence
simulated as change) (Wu et al., 2017a; Pontius et al., 2011). We also
calculated “figure ofmerit”, i.e. the ratio of hits to the sumof hits,misses,
and false alarms to quantify how well the model simulated land cover
change (Pontius et al., 2011). As we focused on simulating the conver-
sion from salt marshes to water, we did not have wrong hits (change
simulated as change but in a wrong land/water type). Further details
on the calibration and evaluation of the model for Grand Bay NERR
can be found in Wu et al., 2017a.

2.5. Derivation of SLR thresholds

We ran the calibratedmodel under 33 different scenarios of increas-
ing annual SLR rates from 4mm/yr (current SLR rate) to 20 mm/yr (ex-
tremely high SLR rate), with a step increment of 0.5 mm/yr. Based on

https://maps.waterdata.usgs.gov/mapper/index.html
https://maps.waterdata.usgs.gov/mapper/index.html


Fig. 4.Measured live above-ground (left panels) and live below-ground biomass (right panels) vs. elevation (scatter points) and best-fit functions (lines) in the Grand Bay (upper panel)
and the Pascagoula River delta (lower panel).
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the model predictions, we then calculated total area of salt marsh in
2050 and 2100, and derived SLR thresholds. To identify the actual
thresholds, we fitted a sigmoidal regression curve to the data pairs of
marsh area against SLR rate and used the inflection point on the fitted
sigmoid curve as the threshold (Osland et al., 2013; Wu et al., 2017a).
The analysis was done using the 4-parameter function package “drc”
available in R (https://cran.r-project.org/web/packages/drc/drc.pdf,
last accessed on July 11, 2018). In general, the higher the SLR thresholds
for the conversion from marsh to open water, the higher the resilience
of salt marshes to future SLR.
Table 1
The best selected models for live above- and below-ground biomass in Grand Bay and Pascago

Location Biomass Best function form Intercept S

Grand Bay Above-ground Quadratic 609.7
Below-ground Linear 3378.3 −

Pascagoula River delta Above-ground Quadratic 935.8
Below-ground Quadratic 1326.4 1
2.6. Model sensitivity analysis on biomass and sediment functions

To better understand the sensitivity of the plant biomass and sedi-
ment related functions on the modeled response of salt marshes to
SLR, we reran the model scenarios with 25%, 50% increase and 25%,
50%decrease (chosen based on standard deviation ofmeasured biomass
in the result section) compared to the baseline values of live above-
ground biomass (AB), live below-ground biomass (BB), total live bio-
mass (AB + BB), and suspended sediment concentration in the water
column. All simulations were run to 2100 predicting remaining salt
ula River delta.

lope for elevation Slope for elevation2 Random effect of species included?

2560.8 No
1365.8 Yes

−1009.0 Yes
5,071.0 −25,565.3 No

https://cran.r-project.org/web/packages/drc/drc.pdf


Fig. 5. Predicted salt marsh areas (ha - top panels) and relative to the initial area (% - bottom pa
(right). The SLR threshold is denoted using blue lines, the beginning of the transition zone is de

Table 2
Metrics to show how the model simulates wetland change between 1988/1996 to 2007.

Grand Bay Pascagoula
River
delta

Accretion rate (mm/yr) 2.8 simulated vs.
2.0 in
Raposa et al.,
2016

4.1 simulated
vs. 6.5
in Wu et al.,
2015

Overall Kappa accounting change from
initial 1988 map⁎

0.54 0.43

Kappa for amount of change 0.78 0.79
Kappa for location of change 0.69 0.54
Hit (ha) 143.4 320.4
Correct rejection (ha) 3293.7 10,002.8
Misses (ha) 152.7 300.0
False alarm (ha) 55.0 384.5
Figure of merit (%) 41 32

⁎ product of Kappa for amount and location of change.
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marsh area (ha) over time under the previous range of SLR rates (4mm/
yr to 20 mm/yr). We then compared the new SLR thresholds under
these different scenarios of biomass and sediment concentrations to
that under no change of biomass or sediment concentrations as de-
scribed previously.

3. Results

The SLR thresholds for salt marsh survival in the Pascagoula River
delta are larger than those in Grand Bay for both 2050 and 2100 based
on total area, indicating that salt marshes in the Pascagoula River delta
are potentially more resilient to SLR than those in Grand Bay.

1) Above- and below-ground biomass

Themeasured 2017 seasonal peak green above-ground biomass and
live below-ground biomass for salt marshes in the Pascagoula River
delta were 816.4 ± 397.2 g/m2 (mean ± sd) and 2562.4 ± 1784.1 g/
m2 respectively. These values are 14% and 18% lower than those mea-
sured in Grand Bay, where the green above-ground biomass was
951.5 ± 484.8 g/m2 and live below-ground biomass was 3140.5 ±
nels) in 2100 under increasing SLR rates in Grand Bay (left) and the Pascagoula River delta
noted using orange lines, and the ending of the transition zone is denoted using red lines.



Table 3
SLR thresholds and ranges of maximum rates of change (= transition zones with lower and upper boundary indicated) for 2100.

Location Lower boundary
(mm/yr)

Corresponding Area
(ha)

SLR threshold
(mm/yr)

Corresponding Area
(ha)

Upper boundary
(mm/yr)

Corresponding Area
(ha)

Grand Bay 6.0 1770.4 7.2 1022.2 8.0 412.0
Pascagoula River delta 9.5 5140.3 10.3 2766.8 11.0 538.4
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1861.9 g/m2. The mean live below- to above-ground biomass ratio in
the Pascagoula River delta was 3.4, which is smaller than 4.1 for Grand
Bay. Based on the AIC from mixed-effects modeling (random effect is
species), the response of both live above- and below-ground biomass
to elevation showed similar quadratic functions in the Pascagoula
River delta, whereas in Grand Bay, different functions (quadratic func-
tion for live above- and linear function for live below-ground) best pre-
dict biomass (Fig. 4, Table 1).

2) Model calibration and evaluation

For calibration purposes, themodel simulatedwetland changes from
1988 to 2007 (19 years) in Grand Bay and from 1996 to 2007 (11 years)
in the Pascagoula River delta. The overall kappa values, which account
for the initial salt marsh area and persistence by 2007 are 0.54 and
0.43 for Grand Bay and Pascagoula River delta respectively (Table 2).
Themodel simulates amount of change similarly for both estuarine sys-
tems (similar Kappa for amount of change), and it simulates the location
of change more accurately in Grand Bay (0.69) than in the Pascagoula
River delta (0.54) (Table 2). Figure of merit is higher in Grand Bay
(0.41) than in the Pascagoula River delta (0.32), showing overall better
performance of the model in Grand Bay than in the Pascagoula River
delta. The model could correctly simulate 48% of the reference change
between 1988 and 2007 in Grand Bay, and 52% of the reference change
(both number and location of change) between 1996 and 2007 in the
Pascagoula River delta. Simulating half of the reference change is con-
sidered to be reasonable for a land use/land cover model (Wu et al.,
2015). The simulated average accretion rate was ~ 3.0 mm/yr under
the current SLR rate in Grand Bay (1986–2007), which was larger than
the short-term accretion rate measurements of 2.0 mm/yr using the
feldspar marker horizon method (Raposa et al., 2016). The simulated
average accretion rate was ~4.0 mm/yr under the current SLR rate in
the Pascagoula River delta (1996–2007), which was less than the
long-term accretion rate of 6.5 mm/yr inferred from radioisotope anal-
ysis (Wu et al., 2015).

3) Model predictions for derivation of SLR thresholds

The SLR threshold for stability of salt marshes is 7.2 mm/yr in Grand
Bay, based on the 33 simulated scenarios by 2100. The area ofmaximum
rate of change (Osland et al., 2014), referred to hereafter as the “transi-
tion zone” from salt marsh to open water, lies between SLR rates of 6.0
and 8.0mm/yr (Fig. 5, Table 3). In contrast, in the Pascagoula River delta,
the SLR threshold for stability of salt marshes is 10.3 mm/yr, with the
transition zone occurring between SLR rates of 9.5 and 11.0 mm/yr
(Fig. 5, Table 3). The transition zone, when rapid loss of marsh to open
water occurs, is steeper for the Pascagoula River delta than that for
Grand Bay, mainly due to the larger values of the SLR rates needed be-
fore the marshes enter the transition zone (Fig. 5). For either system,
the salt marsh area at the lower boundary of the transition zone is
about 80% of the initial total area (2220.3 ha for Grand Bay and
6426.1 ha for the Pascagoula River delta), and the marsh area at the
SLR threshold is about 45% of the initial total area (Fig. 5, Table 3). The
SLR threshold in Grand Bay (7.2 mm/yr) is near the upper boundary of
very likely future SLR under a very conservative Representative Concen-
tration Pathway 3 (RCP 3) climate change scenario (~7 mm/yr, Horton
et al., 2014). The SLR threshold in the Pascagoula River delta
(10.3 mm/yr) is within the likely range of SLR under the more aggres-
sive RCP 8.5 climate change scenario (Horton et al., 2014). Once these
thresholds are exceeded, the area of marsh declines rapidly converting
the landscape to an open water estuarine system (Fig. 6).

Although the SLR thresholds for marsh collapse occurring by 2050
are larger than those for 2100, the values of total marsh areas remaining
at the thresholds are very similar for both time points in each estuary. In
particular, the total area of marsh remaining at the threshold appears to
be remarkably consistent at ~1020 ha in Grand Bay and 2800 ha in the
Pascagoula River delta nomatterwhich target year is used (Table 4), po-
tentially signaling some underlying tipping point of marsh resiliency as
a function of system-specific landscape configuration. The total marsh
area and area loss relative to the total could provide reliable indications
or (early) warning signals toward the vulnerability of salt marshes
under different rates of SLR.

4) Model sensitivity analysis

A change in total biomass (increase or decrease)was found to have a
larger impact on the SLR thresholds compared to a change in the sedi-
ment concentration in Grand Bay, while biomass and sediment concen-
tration played a similar role in the Pascagoula River delta simulation
(Fig. 7, Table 5.1). In addition, change of above-ground biomass has a
larger impact on SLR thresholds than below-ground biomass for both
systems. However, SLR thresholds in the Pascagoula River delta are
more sensitive to above-ground biomass and less sensitive to below-
ground biomass than in Grand Bay (Fig. 7, Table 5.2).

4. Discussion

In order to increase confidence in the model's ability to accurately
predict future scenarios, we compared our results to the predictions de-
rived from a different model based on first principles (Morris et al.,
2016). The SLR threshold for Grand Bay was 7.5 mm/yr in Morris et al.
(2016) model with k1 (density of pure organic matter) of 0.056, k2
(density of pure mineral matter) of 1.267 g cm−3, and 40 cm of water
at high tide, which is almost identical to our modeled prediction of
7.2 mm/yr. The SLR threshold for the Pascagoula River delta using the
model developed by Morris et al. (2016) is 10.6 mm/yr, which is also
very close (within 0.3 mm) to our modeled prediction of 10.3 mm/yr.
Furthermore, our predicted SLR thresholds for these two systems align
well with the derivation of SLR thresholds at similar sediment concen-
trations by Kirwan et al. (2010).

The main factor influencing future marsh stability with accelerated
SLR will be the capacity of the marsh platform to accrete and maintain
pace with increasing SLR rates (Neubauer, 2008; van Belzen et al.,
2017; Lalimi et al., 2018; Elsey-Quirk et al., 2019). As such, the accretion
due to both inorganic mineral sediment deposition and in-situ organic
matter production, largely in the formof below-ground biomass organic
matter sequestration, are both critical components to understand and
model accurately. Our model results showed that the largest accretion
rates occurring across all 33 SLR scenarios we simulated differed be-
tween the two systems. In Grand Bay, the largest accretion rate is
about 5.0 mm/yr, which is less than the SLR threshold of 7.2 mm/yr
for this system (Fig. 8), suggesting it may be compromised in accretion
capacity due to the highermean platform elevation (~0.2m - see Fig. 3).



Fig. 6. Salt marsh distribution in 2007 and 2100 under different scenarios of increasing SLR rates for Grand Bay and the Pascagoula River delta. Marsh collapse in Grand Bay occurs around
7 mm/yr, while the threshold is exceeded in the Pascagoula River delta around 10 mm/yr rates of SLR.
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In contrast, in the Pascagoula River delta the largest accretion rate is
about 10.5 mm/yr and this is very close to the SLR threshold of
~10 mm/yr (Fig. 8) in this system. A higher elevation salt marsh plat-
formmeans that it takes longer for the vegetation to become inundated
by a given local SLR rate. Whenwe ran the model to 2300 for the Grand
Table 4
SLR thresholds in 2050 vs. 2100 and the corresponding marsh area (ha) at these SLR threshold

Location SLR thresholds (mm/yr) Values of total

2050 2100 1988/1996

Grand Bay 10.8 7.2 2220.3
Pascagoula Delta 12.4 10.3 6426.1
Bay NERR, the SLR threshold became 5.1 mm/yr, close to the maximum
accretion rate of 5.0 mm/yr in 2300. This cross-system comparison
shows that salt marshes may have unique system-specific responses
to accelerated SLR and may not always need to accrete sediments at
the same rate as the SLR rate in order to maintain wetland elevation
s.

area

2007 2050 (threshold) 2100 (threshold)

1917.6 1019.7 1022.2
5692.2 2958.0 2762.7



Fig. 7. Predicted salt marsh areas in 2100 vs. inceasing SLR scenarios under current, 50% more, and 50% less of above-ground biomass (AB), below-ground biomass (BB), both above- and
below-ground biomass (biomass), and mineral sediments (sediment) in Grand Bay (left panels) and the Pascagoula River delta (right panels). Results for 25% change are not shown.

9W. Wu et al. / Science of the Total Environment 718 (2020) 137181
by a given year. Therefore, the target time to reach marsh collapse at a
given SLR threshold may vary from system to system depending on
local elevation and accretionary processes. This suggests that manage-
ment thresholds and actions will need to be derived locally for given
salt marsh systems.

Overall marsh platform accretion is a function of both contributions
from allocthonous mineral sediments and autocthonous organic matter
production. In both systems, future autochthonous below-ground bio-
mass contributes a smaller proportion to accretion rates than does
allocthonous mineral sediment settling and trapping by above-ground
biomass based on the medians of accretion rates, despite the large
below-ground to above-ground biomass ratios (Grand Bay=4.1, Pasca-
goula River delta = 3.4). However, in Grand Bay, the potential below-
ground organic contribution can be up to 90% of the accretion rate dur-
ing the present day rate of SLR at 4 mm/yr, whereas in the Pascagoula
River delta, it can contribute up to 60% of the accretion rate at the pres-
ent day (Fig. 9). Further, the proportion of below-ground contribution to
accretion rates in Grand Bay is larger than that in the Pascagoula River
delta in the present day aswell as in the future. Under future conditions,
the median contribution of autochthonous below-ground biomass pro-
duction to overall accretion decreases and lies between 30 and 40% in
Grand Bay, but only between 10 and 30% for the Pascagoula River
delta (Fig. 9). The proportion continues to decrease with increasing
SLR rate before the SLR threshold is reached for each system, suggesting
Table 5.1
SLR thresholds for 2100 under different scenarios of biomass and sediment concentrations
(the numbers for scenarios represent the proportion of base scenario for a particular
variable).

SLR (mm/yr) Percent change compared to
base scenario (%)

Scenarios Grand Bay Pascagoula Delta Grand Bay Pascagoula Delta

Base 7.2 10.3
Biomass_50 5.7 6.7 −20.83 −34.95
Biomass_75 6.4 8.4 −11.11 −18.45
Biomass_125 8 12.3 11.11 19.42
Biomass_150 8.8 14.3 22.22 38.83
Sediment_50 6.2 6.7 −13.89 −34.95
Sediment_75 6.6 8.4 −8.33 −18.45
Sediment_125 7.7 12.3 6.94 19.42
Sediment_150 8.4 14.4 16.67 39.81
that inundation decreases the ability of the vegetation to effectively se-
quester biomass (but see Rogers et al., 2019), and causes an increasing
reliance on allochthonously derived sediments to augment marsh plat-
form accretion (Elsey-Quirk et al., 2019).

In mineral rich estuaries, large amounts of available dissolved inor-
ganic nutrients may promote increased above-ground productivity
over below-ground productivity as vegetation does not require as
much below-ground biomass to obtain necessary nutrients and water
(Deegan et al., 2012). In contrast, in mineral poor estuaries, below-
ground biomass needs to expand widely to reach sufficient nutrients
needed to support vegetation growth. The different strategies that salt
marsh vegetation adopts in these contrasting hydro-chemical environ-
ments influence the potential coupling strength between above- and
below-ground biomass and this may have an important and hitherto
underappreciated influence on coastal wetland resilience to SLR. In
each system, the live above- and below-ground biomass changes in op-
posite directions, potentially as a response to this trade-off in sediment
and nutrient availability. The ratio of below- to above-ground biomass
decreased with SLR rate before the SLR thresholds were reached in the
Pascagoula River delta, whereas the opposite was the case in Grand
Bay, potentially showing different biomass allocation strategies in
marsh vegetation in estuaries with different upland inputs (Fig. 10).

Two main theories exist to explain the pattern of biomass
partitioning: optimal partitioning (Bloom et al., 1985) and allometric
Table 5.2
SLR thresholds for 2100 under different scenarios of above- (AB) and below-ground bio-
mass (BB) (unit: mm/yr, and the numbers for scenarios represent the proportion of base
scenario for a particular variable).

SLR thresholds (mm/yr) Percent change compared to
base scenario (%)

Scenarios Grand Bay Pascagoula delta Grand Bay Pascagoula delta

Base 7.2 10.3
AB_50 6.2 7.1 −13.89 −31.07
AB_75 6.7 8.7 −6.94 −15.53
AB_125 7.7 12.1 6.94 17.48
AB_150 8.3 13.9 15.28 34.95
BB_50 6.6 9.9 −8.33 −3.88
BB_75 6.9 10.1 −4.17 −1.94
BB_125 7.4 10.5 2.78 1.94
BB_150 7.7 10.7 6.94 3.88



Fig. 8. Accretion rate of salt marshes under different scenarios of increasing SLR rates in Grand Bay (left panel) and the Pascagoula River delta (right panel). The vertical lines denote SLR
thresholds derived in Fig. 5.
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partitioning (Yang and Luo, 2011). In optimal partitioning theory, plants
allocate biomass to the organ that helps to capture themost limiting re-
source (McCarthy and Enquist, 2007). While in allometric partitioning
theory, biomass is allocated based on the constraints of body size and
is not sensitive to local environmental conditions (Enquist and Niklas,
2002). Both theories can be combined to investigate biomass
partitioning not accounted for by allometric constraints across broad
environmental gradients (McCarthy and Enquist, 2007). Optimal
partitioning theory seems to explain above- and below-ground alloca-
tion in the Grand Bay NERR and Pascagoula River delta under SLR due
to the theory's implied trade-off, as found in our study (Fig. 10). In the
Grand Bay NERR, below-ground biomass increases at the expense of
above-ground biomass to capture limited nutrients as sea level rises.
In contrast, in the Pascagoula River delta, biomass partitioning favors
above-ground biomass for the vegetation when inundation becomes
more frequent under SLR, suggesting potentially higher nutrient avail-
ability in this riverine dominated estuary.

We further investigated this interaction between above- and below-
ground biomass productivity across the two systems, and whether a
stronger coupling response between the above- and below-ground bio-
mass fractions has the potential to delay the threshold to higher rates of
SLR, i.e. the increase of resilience of salt marshes to SLR. Previous studies
in grasslands showed that strong coupling between below- and above-
ground biomass fractions maximized vegetation productivity, whereas,
intermediate coupling maximized the persistence of grasslands prone
to fire disturbance (Scheiter and Higgins, 2013). Similar couplingmech-
anisms have rarely been studied in coastal marshes resulting in a gap in
our understanding of potential resilience of these ecosystems to future
SLR scenarios. Although there is no formal way to quantify coupling be-
tween above- and below-ground biomass, coupling mainly represents
the strength of the relationship between the two fractions. The stron-
gest coupling can be viewed as the growth of new root biomass being
exclusively determined by new shoot biomass (Scheiter and Higgins,
2007), consistentwith the interpretation of R2=1 for a regression func-
tion between live belowground biomass and live aboveground biomass.
Therefore, we applied R2 to quantify the strength of above- and below-
ground biomass coupling. From the field observations on biomass, R2

and adjusted R2 in the quadratic equation used to predict below-
ground biomass as a function of above-ground biomass was 0.24 and
0.12 in the Pascagoula River delta versus 0.079 and 0.025 in the Grand
Bay NERR. Therefore, based on these R2 values, the strength of the cou-
pling is stronger in the Pascagoula River delta than in Grand Bay.
In order to conduct an initial test of this hypothesis that stronger
coupling of above- and below-ground biomass contributes to the resil-
ience of salt marshes to future SLR, we switched the biomass functions
(see Fig. 4) by applying the biomass coupling from the Pascagoula
River delta to Grand Bay and vice versa, and then compared the
resulting changes to the SLR thresholds when the estuary-specific bio-
mass coupling function is used. As both average above- and below-
ground biomass is higher in Grand Bay than in Pascagoula Delta, we ex-
pect the SLR threshold becomes smaller in Grand Bay using the biomass
coupling function from the Pascagoula Delta. However, we found the
SLR threshold increased from 7.1 mm/yr to 7.7 mm/yr, when the Pasca-
goula River delta's biomass coupling function was used for Grand Bay
(Table 6). When the biomass coupling relation of Grand Bay was used
for the Pascagoula River delta, the SLR threshold decreased from 10.3
to 8.8 mm/yr (Table 6). This suggests that the vegetation in the Pasca-
goula River delta exemplifies a stronger biomass coupling relationship
and a morphological growth strategy where above-ground biomass is
increased at the expense of below-ground biomass. In contrast, in
Grand Bay, the biomass coupling is weaker under a condition where
vegetation uses a growth strategy of increasing below-ground biomass
at the expense of above-ground biomass. This also suggests that there
may be vegetation coupling responses that are specific to local environ-
mental conditions and need to be analyzed accurately in order to be able
to predict future resilience when running long-term SLR scenarios. The
current modeling effort suggests that stronger coupling contributes to
larger marsh accretion. Future mechanistic experiments to explain the
coupling hypothesis will need to involve the measurement of a suite
of abiotic factors such as soil salinity in addition to biomass to test this
response further.

Translocation between below-ground and above-ground biomass
can contribute to the strength of coupling between these two compart-
ments, and may help interpret marsh accretion processes (Connor and
Chmura, 2000) and the resilience of salt marshes to future SLR. Along
the northeastern Atlantic coast, seasonal patterns of below- and
above-ground biomass switch showed translocation from live below-
ground biomass to aerial tissues at the beginning of the growing season,
followed by a translocation of photosynthates to below-ground biomass
after the standing stock peak to better store energy in below-ground
biomass over winter (Connor and Chmura, 2000; Gallagher and
Howarth, 1987; Gross et al., 1991). Biomass translocation seems to be-
come more complex with reduced seasonal variability in the southern
end of the distribution of salt marshes, like in Louisiana (Darby and



Fig. 9. Percent contribution by below-ground organic matter to accretion rate in Grand Bay (top three panels) and the Pascagoula River delta (bottom three panels) under increasing SLR
rates. The three panels show the 97.5%, 50%, and 2.5% quantiles for each system (Note different scales of the Y-axis). The vertical lines show SLR thresholds derived in Fig. 5.
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Turner, 2008). One possible explanation for the simulated stronger
above- and below-ground biomass coupling in the Pascagoula River
delta is lower salinity (less stress), which is not accounted for in the cur-
rentmodel. If that is the case, then higher salinity due to SLRmay reduce
coupling in the future, whichmay lead to less resilient saltmarshes than
predicted by the current model simulations.

In addition, the accuracy of LiDAR-derived elevation may have con-
tributed to the uncertainty of our model predictions. Studies have
shown that LiDAR-derived elevation may be biased toward higher
values in dense vegetation areas like salt marshes (Alizad et al., 2016b,
2018; Medeiros et al., 2015; Rogers et al., 2016). We did not correct
the LiDAR elevation as we applied right-after-hurricane elevation
when much of the vegetation zone was converted to bare land or
water. In addition, we focused on the lower elevation area with shorter
vegetationwhere potential bias of elevation tends to be smaller, andwe
did not have highly precise in-situ measurements of elevation of salt



Fig. 10. Live above- and below-ground biomass responses under increasing SLR rates in Grand Bay (left two panels) and the Pascagoula River delta (right two panels). The vertical lines
show SLR thresholds derived in Fig. 5.
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marsh platforms to derive the location-specific correction equation
needed for these two estuary systems. Therefore, our derived SLR
thresholds are likely to be an optimistic estimate (i.e. overestimate) of
resilience of salt marshes to SLR without this additional correction to
the elevation surface. We applied the correction to the Grand Bay
NERR derived by Alizad et al. (2018) and found the predicted SLR
threshold becomes 1 mm/yr less, which is smaller than the difference
of SLR thresholds between the two contrasting estuarine systems.
Therefore, our conclusion on resilience of salt marshes to SLR in the riv-
erine vs. marine dominated estuaries will not likely change when ap-
propriate LiDAR elevation corrections are performed in the Pascagoula
River delta.

Other natural and anthropogenic factors will also influence how salt
marshes respond to future SLR. Marsh primary productivity will poten-
tially increase for some time as atmospheric CO2 concentration in-
creases, particularly for C3 plants (Curtis et al., 1989; Cherry et al.,
2009; Langley et al., 2009), however the plants may simultaneously be-
come limited by possible lengthy and more frequent drought events
under climate change scenarios (Wuebbles et al., 2017). Upland land-
use land-cover changes with population increase (Hauer et al., 2016)
will also likely change upland hydrodynamics and sediment delivery
to the downstream estuarine systems (Hovenga et al., 2016). Localized
development within the coastal zone may also alter marsh responses,
for instance thewestern distributary of the Pascagoula River has experi-
enced little anthropogenic modification, whereas the adjacent eastern
distributary is bordered by a large shipyard and has experienced more
intense anthropogenic disturbance and is regularly dredged to allow
for commercial shipping traffic (Waldron, 2019). The lack of spatial
data onmineral sediment contributions to themarshmakes this assess-
ment difficult to conduct and this is a data gap that needs to be ad-
dressed to help refine the analysis of salt marsh resilience in each
system. Though suspended sediment concentration is a valid indicator
Table 6
SLR thresholds (mm/yr) under two different biomass coupling scenarios.

Location Using the current bay
biomass

Using the other bay
biomass

Grand Bay 7.15 (6.0–8.0) 7.74 (7.0–8.5)
Pascagoula River delta 10.31 (9.5–11.0) 8.79 (8.0–9.5)
for sediment availability (Weston, 2014), the coarse representation of
sediment dynamics in the current model without sediment transport
processes or the ability to simulate tidal creek widening could lead to
overestimates of salt marsh resilience to SLR. High- resolution remote
sensing data and updated measurements of suspended sediment con-
centration will need to be used in future studies to model the sediment
dynamics in the estuary and creeks around the marsh sites. Overall,
more research on contrastingmarine dominated vs. riverine dominated
estuaries is needed to generalize the intriguing findings from this
research.
5. Conclusion

We derived and examined the SLR thresholds in two estuaries with
contrasting upland inputs. We also analyzed the mechanisms that con-
tribute to potential resilience of salt marshes to future SLR, including
availability of sediment in the water column and the relation between
live below- and above-ground biomass. We found that salt marshes in
the riverine dominated estuary (Pascagoula River delta) are more resil-
ient to SLR than in the marine dominated estuary (Grand Bay NERR),
mainly contributed by larger quantities of riverine-borne mineral sedi-
ments in the Pascagoula River, but also possibly due to different re-
source allocation strategies between above- and below-ground
biomass. In both systems, the above-ground biomass production is
found to contributemore to the accretion rate based on themedians de-
spite the often larger below-ground biomass pool. Below-ground bio-
mass contributes up to 90% of accretion in the marine dominated
estuary compared to up to 60% of accretion in the riverine dominated
estuary. SLR thresholds are more sensitive to above-ground biomass in
the riverine dominated estuary than in the marine dominated estuary
while they are more sensitive to below-ground biomass in the marine
dominated estuary than in the riverine dominated estuary. Whereas
the change in biomass has a larger impact on the SLR thresholds than
does change in sediment concentration in the marine dominated estu-
ary, change in either biomass or sediment concentration has a compara-
ble impact on the SLR thresholds in the riverine dominated estuary.

This research provides potentially relevant indicators and informa-
tion that resource managers can use to make more-informed decisions
on conservation and restoration policies in the near-term to minimize
future catastrophic loss of coastal marsh habitats once SLR thresholds
are exceeded.
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